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Abstract: The cytotoxic effect of different concentrations of
titanium particles on osteoblasts was studied in vitro. It was
found that the viability of the osteoblasts was inversely pro-
portional to the particle concentration. Phagocytosis of par-
ticles by the osteoblasts was evident and was demonstrated
to be responsible for cell necrosis. Moreover, during and
after phagocytosis, the osteoblasts released products that
were cytotoxic for other osteoblasts, as established with a
conditioned medium assay. The titanium particles thus had
both a direct and an indirect effect on osteoblast viability. It
also was observed that the titanium particles induced a pro-
cess of programmed cell death (apoptosis) when co-cultured
with osteoblasts. The results of this study suggest that not
only is the amount of wear debris generated important, but
the local accumulation of the debris also may have a signifi-
cant impact on bone cell function. © 1999 John Wiley & Sons,
Inc. J Biomed Mater Res, 46, 399–407, 1999.
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INTRODUCTION
The particles generated during the normal or abnor-
mal wear processes of an orthopedic implant have
been recognized as one of the major factors respon-
sible for aseptic implant loosening.1,2 Numerous stud-
ies have been performed to elucidate the role of par-
ticles in the biological reaction surrounding total joint
implants. Particulate debris has been shown to pro-
mote fibroblast proliferation in the synovial mem-
brane and thus are an important factor in the creation
of the fibrous membrane surrounding the prosthesis.3
Moreover, the phagocytosis of the particles by differ-
ent cells has been demonstrated to be indirectly re-
sponsible for peri-implant osteolysis.4 These biological
reactions to particles can act in combination to weaken
the mechanical anchorage of the implant and, finally,
can result in its loosening, which generally requires a
more complicated revision procedure.
Normal bone function is assured when an equilib-
rium process between bone formation and bone re-
sorption is reached. Although some mechanical phe-
nomena, such as stress shielding, are implicated in
peri-implant osteolysis,5 particles seem to be a major
factor involved in the loss of balance between bone
formation and bone resorption. In view of the bone
remodeling process, three situations can arise; (1)
Bone resorption is overstimulated by excessive inflam-
matory reaction to particles; (2) bone formation is in-
hibited by interaction with the wear particles; or (3)
these two reactions act in combination. Until recently,
only the first possibility has been tested either directly
(with osteoclastic cells in contact with particles6) or
indirectly (by the quantification of potent osteolytic
factors produced by macrophages,7–9 lymphocytes,10
monocytes,11,12 or giant cells4 in contact with par-
ticles). To describe the effects of particles on the oste-
olysis problem, the co-culture of macrophage/
osteoblast in contact with titanium or polymethyl-
methacrylate particles has been used.13,14 The
corresponding production of cytokines and mediators
and their effects on bone resorption were quantified.
High concentrations of titanium particles were used
(up to 10 mg/mL). However no direct osteoblast–
particle contact was allowed in these studies as only
the supernatant from the macrophage/particle culture
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was used for the osteoblast cultures. In vivo studies
have been performed to elucidate the response of bone
to high-density polyethylene or titanium particles.15,16
Depending on the technique used for these in vivo
studies, a dose-response relationship for the particles
either was noted15 or was absent.16 General useful in-
formation can be obtained from in vivo studies; it is,
however, difficult from these studies to describe spe-
cifically the reaction of the osteoblasts only to par-
ticles.
The direct effect of particles on bone formation, that
is, on osteoblastic cells, thus has not been clearly de-
fined. If the viability of osteoblasts is adversely influ-
enced by wear debris, the rate of bone formation will
decrease. The process of bone loss around the implant
then would be more severe as a combination of de-
creased bone formation and increased bone resorption
would act in tandem when particles are present.
At particle concentrations ranging from 0.01 to 1.0
mg/mL, no cytotoxic effects on osteoblasts were
found for chromium and cobalt–chromium although
cytotoxicity has been induced by cobalt.17 Using os-
teoblasts isolated from the tissue surrounding a failed
hip or a failed knee prosthesis, it has been shown that
polyethylene particles decreased cell proliferation.18
The viability of osteoblasts has been shown to be in-
dependent of titanium particles tested at various con-
centrations ranging from 0.01 to 100 ng/mL.19 Tita-
nium particles at a concentration of approximately 4.0
mg/mL also have been shown not to have any effect
on the viability and the proliferation of osteoblasts,
but they have been demonstrated to suppress the ex-
pression of the genes that code for collagen.20
It has been found that the number of titanium par-
ticles retrieved from tissue surrounding a loose tita-
nium implant was much higher than the number of
corresponding particles released from chrome–cobalt
or stainless steel corresponding implants.21 In the
worst cases, the titanium particles could represent up
to 25 mg/g of the dry retrieved tissue. The high par-
ticle number observed in bone corresponded to an ac-
cumulation process of particles over time.22 The local
concentration of particles then can be very high and, in
that case, it is not well simulated by the relatively low
concentration used in previous published studies. Ti-
tanium alloy is being used more and more in different
types of implants, so it is important to study the direct
reaction of osteoblasts to titanium particles at concen-
trations corresponding to those that have been re-
trieved in bone.
In the present study, the direct and indirect effects
of different titanium particle concentrations on the vi-
ability of osteoblasts has been quantified. In particular,
the hypothesis that the viability of osteoblasts is ad-
versely affected by titanium particles was tested. In
this case, the type of death for the osteoblasts, that is,
necrosis or apoptosis, will be determined.
MATERIALS AND METHODS
Cell cultures
Neonatal calvarial rat osteoblasts were cultured at 37°C
and 5% CO2 in monolayer in Dulbecco’s Modified Eagle
Medium (DMEM, Irvine Scientific, Santa Ana, California)
containing 10% fetal bovine serum (Irvine Scientific, Santa
Ana, California). These cells were characterized as being of
osteoblastic phenotype by testing for the formation of cal-
cium phosphate salts, which is an indication of osteoblast
mineralization, and the presence of alkaline phosphatase.23
Furthermore, the cells displayed the elongated polygonal
morphology typical of osteoblasts in culture. Osteoblasts of
passages 3–6 were used for the experiments. Cells were
plated in 24-well plates at a concentration of 1 × 105 cells/
well.
Titanium particles
Commercially pure titanium particles of −325-mesh nomi-
nal diameter were purchased (Aldrich, Milwaukee, Wiscon-
sin). A semi-automatic image processing method using
NIH-Image allowed verification that 80% of the particle di-
ameters were less than 5 mm (mean value ± SD: 3.1 ± 3.6
mm).
The particles, autoclaved at 135°C for 15 min, were mixed
with the culture medium under sterile conditions. Based on
a particle weight to medium volume ratio, different concen-
trations of titanium particles were prepared. Concentrations
of 0.05, 0.15, 0.5, 0.75, and 1% of particles corresponded to
0.5, 1.5, 5, 7.5, and 10 mg of titanium particles per mL of
medium. Based on the size distribution of the titanium par-
ticles, 1 mL of the concentration of 0.05, 0.15, 0.5, 0.75, and
1% contained approximately 0.85 × 106, 2.54 × 106, 8.48 × 106,
12.72 × 106, and 16.97 × 106 particles, respectively.
The titanium solutions were ultrasonicated for 30 min in
sealed sterile containers before being added to the cell cul-
ture.
Viability of osteoblasts
The supernatant and the cells were collected by trypsin-
ization and simultaneously were double stained for 5 min at
room temperature using a fluorescein diacetate (FDA) and a
propidium iodide (PI) stain (Sigma, St. Louis, Missouri).24
The stained cells were examined with an inverted fluores-
cent microscope (Nikon, Tokyo, Japan) equipped with epi-
illumination (blue filter of 495 nm and green filter of 546 nm
allowed visualization of the green and red fluorescing cells,
respectively). The solution of stained cells was vortexed be-
fore counting, leading to a homogeneous distribution of
green and red cells in each sample. A minimum of two
hundred viable(green)/nonviable(red) cells was counted for
each measurement. Viability was defined as the ratio of vi-
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able cells to the total number of cells (number of green cells/
number of green + number of red cells).
Cell-death characterization
In order to determine if the cells in contact with titanium
particles died by necrosis or by apoptosis, a method of ter-
minal deoxynucleotidyl transferase (TdT)-mediated dUTP-
biotin nick-end labeling (TUNEL) was performed.25 Briefly,
the cells were collected by trypsinization, fixed in formalde-
hyde, and permeabelized. Then the DNA strand breaks,
specific to apoptotic cells, were labeled with biotin dUTP
(Molecular Probes, Eugene, Oregon) and the reaction was
catalyzed by exogenous TdT (Boehringer Mannheim, India-
napolis, Indiana). The cells then were visualized under the
blue light (488 nm) of an epi-fluorescence microscope. The
apoptotic cells fluoresced green. In order to obtain quanti-
tative apoptosis data, the green cells were counted first and
all the cells then were counterstained with PI. This latter
stain allowed visualization of all the cells (since they previ-
ously had been permeabilized). At least two hundred cells
were counted for each measurement. Three different culture
conditions were tested with the TUNEL assay. The osteo-
blasts were incubated for 72 h with normal medium, defin-
ing the control group, with 1.0% titanium particle concen-
tration, and with serum-free medium defining the positive
apoptotic cell control group. The 1% concentration of par-
ticles was used since it was assumed that the highest con-
centration would be the most cytotoxic for the osteoblasts.
As anticipated, it was shown that the serum-free medium
induced osteoblast apoptosis.26 The apoptotic rate was de-
fined as the ratio of the number of green cells to the number
of red cells.
Direct effect of titanium particles on
osteoblast viability
Particle concentration effect
After the osteoblasts were incubated for 4 h, the medium
was removed an 1 mL of new medium (in control wells) and
1 mL of various titanium particle concentrations in medium
(0.05, 0.15, 0.5, 0.75, and 1.0%) were added. The cells were
incubated for 72 h and their viability then was measured.
Time effect
A kinetic study was performed by checking the viability
of osteoblasts at 3, 6, 12, 24, 48, and 72 h of incubation after
the titanium particles (control, 0.05, 0.15, 0.5 and 1.0%) were
added.
Phagocytosis assessment
Inverted or epi-fluorescence microscopy did not allow us
to determine whether the titanium particles were inside the
osteoblasts (i.e., whether or not the particles had been
phagocytosed) or only attached to the cell surface. The mi-
cropipette technique27 then was used to clarify this point.
After the osteoblasts and a 0.15% concentration of Ti par-
ticles were seeded for 15 min, the cells were detached with
a micropipette and aspirated inside the tip of the pipette. If
the particles were attached to the cell surface, the aspiration
process should separate the particle from the cell as the
small diameter of the pipette (5 to 6 mm) would not leave
enough room between the cell surface and the pipette for the
particles to be aspirated. If the particles were phagocytosed,
aspiration of particles and the cell simultaneously should be
possible.
The number of particles found inside the cytoplasm of the
osteoblasts was counted for the 0.05 and 0.15% titanium
concentration. Only these two low concentrations allowed a
clear view of the osteoblast cytoplasm. The intake rate of the
particles was defined as the percentage of osteoblasts with
ingested titanium particles relative to the total number of
osteoblasts. The particle intake rate was reported at 3, 6, 12,
24, 48, and 72 h after adding the particles. The experiment
was performed four times, with a minimum of 200 cells
counted at each time step.
Phagocytosis effect
In order to evaluate the effect of particle-induced phago-
cytosis on the osteoblast viability, the cells were treated with
cytochalasin-D. This compound is known to inhibit phago-
cytosis by affecting the actin filament assembly of the cyto-
skeleton.28 After the cells were seeded and incubated for 4 h,
the medium was removed from each well and 0.5 mL of new
medium (in control wells) and 0.5 mL of cytochalasin-D so-
lutions (1.25 or 5 mM) were added into the wells. The cells
were incubated for 1 h and 0.5 mL of new medium (in con-
trol wells) and 0.5 mL of titanium particle solution (final
concentration 1%) were added. The cells were incubated for
72 h and their viability then measured.
Indirect effect of titanium particles on
osteoblast viability
Particle concentration effect
After the osteoblasts with and without titanium particles
had been incubated for 72 h, in parallel to the viability mea-
surement, the supernatant of each well individually was col-
lected and centrifuged for 5 min at 500 g (to avoid the con-
tamination of the supernatant by particles). A second group
of osteoblasts was incubated for 4 h, and the medium was
removed from each well. The supernatant collected from the
first osteoblast group then was used as the culture medium.
The second cell group, cultured with the conditioned me-
dium, was incubated for 72 h and its viability then mea-
sured.
In order to verify that no cytotoxicity was induced solely
from the contact of titanium particles with the medium or
from the supernatant, an identical procedure was repeated
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with the titanium particle solution only. The 1.0% titanium
particle solution (without cells) was incubated for 72 h, as-
pirated, and then added (without particles) to osteoblasts
seeded in another 24-well plate. The osteoblasts cultured
with this particle-conditioned medium were incubated for
another 72 h and their viability measured.
Phagocytosis effect
To study the indirect effect of phagocytosis, it was impor-
tant to avoid the transfer of cytochalasin-D in the superna-
tant. The following procedure was used. After the cells were
incubated for 4 h, the medium was removed from each well
and 1 mL of new medium (in control wells) and 1 mL of
cytochalasin-D solution (1.25 or 5.0 mM) were added to the
wells. The cells were incubated for 1 h and the medium was
removed. Each well was washed twice with medium, and
then 1 mL of new medium (in control wells) and 1 mL of
1.0% titanium particle concentration were added. The cells
were incubated for 72 h and their supernatant then trans-
ferred to a second osteoblast culture in the same way as
described above for measurement of cytoxocity. The second
cell group cultured with the conditioned medium was incu-
bated for 72 h and the cell viability then measured.
Statistical analysis
The kinetic studies were performed three times while all
the other experiments were performed four times in qua-
druplicates, yielding essentially identical results. A one-way
ANOVA test was used to analyze the mean variance of vi-
ability. If statistically significant differences were found, a
least significant difference (Fisher t test) was performed to
determine which means were different from which other
means.29 A 95% confidence level was selected to define sig-
nificance for all statistical tests.
RESULTS
The osteoblasts in contact with titanium particles
began a process of phagocytosis. After 72 h of co-
culturing osteoblasts with titanium particles, several
particles were found inside the osteoblasts (Fig. 1).
The morphology of the osteoblasts changed according
to the size and number of particles ingested. The os-
teoblasts were less elongated after they phagocytosed
the particles. It also was observed that the osteoblasts
phagocytosed most of the particles in the first 24 h, as
shown by the particle intake rate (Fig. 2).
The phagocytosis of particles was confirmed by mi-
cropipette manipulation, which clearly showed that
the particles were inside the cell after their aspiration
in the pipette (Fig. 3).
The viability of the osteoblasts was influenced by
direct contact with the titanium particles in a concen-
tration-dependent manner (Fig. 4). In the range of par-
ticle concentrations used, a linear inverse relationship
between the concentration and the viability was found
(coefficient of linear regression, R = 0.98). At low par-
ticle concentration (0.05%), no statistical differences
were found between the mean viability of control and
the particle-osteoblast co-cultures, but at higher con-
centrations (0.15, 0.5, 0.75, and 1.0%) statistical differ-
ences were observed.
A time dependence of osteoblast viability was ob-
served (Fig. 5). Especially for the 1% particle concen-
tration the viability decreased rapidly. At all particle
concentrations, osteoblast viability decreased until a
plateau was reached after 24 h.
The viability of cytochalasin-D-treated particle–
osteoblast co-cultures statistically increased when
compared to the viability of particle–osteoblast co-
cultures not treated with cytochalasin-D (Fig. 6). This
Figure 1. View (original magnification ×4000) of an osteo-
blast with titanium particles in its cytoplasm after 72 h of
co-incubation with an 0.15% concentration of Ti particles.
Figure 2. Mean values and standard errors of particle in-
take rate for the 0.05 and 0.15% Ti particle concentrations at
3, 6, 12, 24, 48, and 72 h after adding the particles (n = 4).
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result indicates that the phagocytosis of titanium par-
ticles by osteoblasts is a factor in the decrease of their
viability. However, statistical differences still were ob-
served between the viability of the control and the
particle–osteoblast co-cultures with cytochalasin-D
while no statistical differences were found between
the effects of the two different concentrations of cyto-
chalasin-D.
The number of apoptotic cells in contact with tita-
nium particles was shown to be significantly increased
compared to the control (Fig. 7). Used as positive ap-
optosis controls, the osteoblasts cultured without se-
rum also showed an increased in the proportion of
apoptotic cells compared to the control.
Prior to testing the indirect effect of titanium par-
ticles, it was important to verify that no cytotoxicity
was induced by the interaction of particles with me-
dium or by the supernatant. No statistical differences
were found between the viability of osteoblasts cul-
tured with the control-conditioned medium and with
the medium conditioned from incubation with tita-
nium particles (data not shown).
Incubation of osteoblasts with particle-conditioned
medium indicated that the titanium particles also had
an indirect effect on osteoblast viability (Fig. 8). This
effect was dependent on the initial titanium particle
concentration. A threshold value of initial titanium
particles between 0.75 and 1% was shown to statisti-
cally decrease the viability of the osteoblasts cultured
with the conditioned medium.
The viability of osteoblasts cultured with the condi-
tioned medium from the particle–osteoblast co-culture
treated with cytochalasin-D statistically increased
when compared to the corresponding results with no
cytochalasin-D treatment (Fig. 9). However, statistical
differences were observed between the viability of os-
teoblasts cultured with the control-conditioned me-
dium and with the conditioned medium from parti-
cle–osteoblast co-cultures treated with cytochalasin-D.
No statistical differences were found between the ef-
fects of the two different concentrations of cytochala-
sin-D.
Figure 4. Mean values and standard errors of osteoblast
viability after 72 h of co-incubation with different Ti particle
concentrations (*: statistical differences with respect to con-
trol, n = 16 and p < 0.0005).
Figure 5. Mean values and standard errors of osteoblast
viability as a function of time after the addition of Ti par-
ticles. Within 12 h after adding the particles, the viability of
the osteoblasts decreased (n = 3).
Figure 3. Micropipette technique used to assess that the Ti particles have been phagocytosed by osteoblasts. After the
osteoblasts and the Ti particles at a concentration of 0.15% were seeded for 15 min, the aspiration of the osteoblast inside the
pipette highlighted that the particles were still inside the cell at the end of the process.
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DISCUSSION
In this study, the direct and indirect cytotoxic effects
of titanium particles on osteoblasts were confirmed. It
also was shown that osteoblasts initiate a process of
programmed cell death (apoptosis) when particles are
present in culture.
Our results relative to the direct effect of exposure
correlated with previous published studies, where it
was observed that low concentrations of titanium par-
ticles have no effect on osteoblast viability.19,20 How-
ever, we found that the viability of osteoblasts was
affected when the particle concentration increased. It
thus can be speculated that osteoblasts can ingest only
a restricted number of particles without being dam-
aged. This kind of critical concentration value promot-
ing osteolysis has been identified for polyethylene
particles.30 For their direct effect on osteoblast viabil-
ity, the high concentration of particles may be a more
important factor than the composition of the particles.
We repeated the study with titanium oxide (TiO2) and
silica (SiO2) particles of identical size distribution as Ti
particles, using the highest concentration (10 mg/mL).
The results relative to their direct effect on osteoblast
viability were similar to those of the Ti particles (data
not shown). However no indirect effect on osteoblast
viability (supernatant assay) was noted for the tita-
nium oxide and silica particles (data not shown). The
use of a high concentration of particles is clinically
relevant only for the titanium particles, as confirmed
by biopsy studies.21,22
Micropipette manipulation confirmed that the os-
teoblasts phagocytosed the titanium particles, a phe-
nomenon already mentioned in a study using confocal
microscopy.20 The advantage of the micropipette tech-
nique was that it allowed us to observe the rapid pro-
cess of phagocytosis. The osteoblasts phagocytosed
the particles within 15 min after initial contact with
particles.
The experiments performed with cytochalasin-D
demonstrated that the phagocytosis of titanium par-
ticles by osteoblasts is an important factor affecting
their viability. This information is consistent with the
Figure 6. Mean values and standard errors of osteoblast
viability when treated with cytochalasin-D after 72 h of in-
cubation (*: statistical differences with respect to control, n =
16 and p < 0.0005; ~ : statistical differences with respect to 1%
Ti without cytochalasin-D, n = 16 and p < 0.0005).
Figure 7. Mean values and standard errors of osteoblast
apoptotic rate in three situations, determined with the
TUNEL assay (*: statistical differences with respect to con-
trol, n = 16 and p < 0.0005).
Figure 8. Mean values and standard errors of osteoblast
viability when cultured with conditioned medium issued
from co-cultured osteoblasts and Ti particles (*: statistical
differences with respect to control, n = 16 and p < 0.025).
Figure 9. Mean values and standard errors of osteoblast
viability cultured with conditioned medium from co-
cultured osteoblasts–particles treated or not treated with cy-
tochalasin-D (*: statistical differences with respect to control,
n = 16 and p < 0.01; ~ : statistical differences with respect to
1% Ti without cytochalasin-D, n = 16 and p < 0.001).
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hypothesis of a critical number of ingested particles
for osteoblasts proposed above. The phagocytic pro-
cess exhibited by osteoblasts also has been suggested
to be involved in the suppression of the expression of
the genes that code for collagen.20
The cytochalasin-D was present during the 72 h of
incubation for the quantification of direct effect and
was used as a pretreatment for 1 h to quantify the
indirect effect. The phagocytosis process, then, did not
bring about the direct effect, but it could have been
responsible for the indirect effect. This would explain
why a complete viability was not recovered following
the indirect effect. For the direct effect, incomplete vi-
ability recovery with cytochalasin-D suggests that
mechanisms other than the phagocytosis process
could influence the viability of the osteoblasts in con-
tact with particles. Interaction with titanium ions re-
leased from the particles could be a possibility as it has
been shown that plates of commercially pure titanium
continuously will release ions.31 The titanium ions
were shown to have moderate effects on the viability
of osteogenic cells32 or monocytes/macrophages.33 It
is difficult to generalize these kind of results to the
present experimental situations, but it reasonably
could be thought that the reaction of osteoblasts to
titanium ions may be responsible for the incomplete
viability recovery with the cytochalasin-D experi-
ments. However, titanium ions seem to have more
important adverse effects on the osteoblast function,
such as the production of specific bone proteins34 or
the favoring of a thicker fibrous interface.35
The viability of the osteoblasts in contact with tita-
nium particles decreased rapidly in the first several
hours after addition of particles and then stabilized.
This rapid decrease of the viability can be correlated
with the fast phagocytic process. The ratio of cell num-
ber to particle number was not constant over time in
the kinetic study. After 24 h of incubation, the osteo-
blasts can proliferate, thus reducing the number of
particles available per cell. Consequently the prolifera-
tion of osteoblasts alters exposure level below the
threshold particle concentration value. This fact can
explain the slight increase of viability after 24 h of
culture for concentrations less than 1%. For this latter
concentration, the effect of particles on osteoblasts was
too important to allow any recovery of the viability
after 24 h. The proliferation of osteoblasts also could
explain the evolution of the number of ingested par-
ticles over time. The osteoblasts ingested most of the
particles in the first 24 h, then due to the proliferation
of osteoblasts, the ratio of particles to cells decreased
and so did the particle intake rate (Fig. 2).
The use of a particle-exposure-conditioned medium
indicated that the titanium particles also had an indi-
rect effect on osteoblast viability. This is the first study
to report this kind of indirect effect on osteoblasts. A
threshold value of particle concentration between 0.75
and 1% in the first group of osteoblasts appeared to
strongly decrease the viability of osteoblasts cultured
with the conditioned medium. A change in the pH of
the medium could not be responsible for the viability
decrease as its value was found to be comparable
among all the different experiments (data not shown).
The release of cytotoxic products by the osteoblasts
co-cultured with particles, then, is a natural explana-
tion for such a phenomenon. Other studies were in-
terested in the quantification of proteins17 or specific
cytokine production19 by the osteoblasts in contact
with particles. However, these studies did not verify
that the production of these agents could indirectly
influence the viability of the osteoblasts as it was veri-
fied in this study.
In view of the presented results, the interaction of
osteoblasts with particles could be partially respon-
sible for peri-implant osteolysis observed in vivo. Due
to the accumulation of particles in the bone over time,
the number of particles could reach a critical value
affecting, directly or indirectly, osteoblast viability. In
this case of particle accumulation, new bone formation
is affected as the osteoblast number decreases. This
possible adverse effect of wear debris on net bone for-
mation when the concentration of particles reach criti-
cally local levels also has been suggested in an in vivo
study using a bone harvest chamber.36
Titanium particle exposure induced a programmed
cell death (apoptosis) in the osteoblasts. This is the
first study reporting this kind of behavior in connec-
tion with particle exposure. In order to confirm the
occurrence of apoptosis in the osteoblasts, a DNA
fragmentation assay was performed but did not ex-
hibit a ladder pattern characteristic of apoptotic cells
(data not shown). This apparent contradiction, a posi-
tive TUNEL assay, and a negative DNA fragmentation
test already have been mentioned in a study interested
in osteoblast apoptosis.26 The apoptosis of osteoblasts
in reaction to particles can be explained by assuming
that the contact with titanium particles can render
dysfunctional the reception of normal extracellular or
intracellular signals that promote survival of the os-
teoblasts. However, further studies should be per-
formed in this field to clarify this finding.
The present study was performed on rat calvarial
osteoblasts. Despite the fact that this cell line is well
characterized and expresses the normal phenotypic
features of osteoblasts,23 extension of the present re-
sults to human osteoblasts should be done with cau-
tion. In fact, even with human osteoblast-like cells,
interaction with particles can furnish different cyto-
toxic results among different cells lines.17 Results of
this in vitro study, then, should be considered as an
indication of previously unforeseen negative osteo-
blast reactions to titanium wear debris particles in pa-
tients with implants made of titanium alloys.
The particles of this study were obtained from a
405CYTOTOXIC EFFECT OF TITANIUM PARTICLES
commercial supplier rather than retrieved from pa-
tients. The titanium particles used in this study were
slightly larger than those that have been retrieved
from peri-implant tissues obtained at revision of failed
prostheses.37,38 Nevertheless, it has been observed that
particles induce the most acute reaction when they can
be phagocytosed by the cells.2 In the present study,
most of the particles were of a phagocytosable size
(less than 5 mm) and thus can be considered as repre-
sentative of a clinical situation.
The concentration of particles used in this study was
higher than that used in previous studies.17,19,20 It was
mentioned in the introduction that the retrieved tissue
surrounding loose prostheses contains a high number
of particles, especially for titanium alloy implants.21
Even in a well fixed prosthesis, it has been demon-
strated that micromotions arise between the stem and
the bone.39 These micromotions have been shown to
damage the stem surface.40 The reaction of the osteo-
blasts to titanium particles certainly is of primary im-
portance in the case of cementless prostheses as the
particles generated will be directly in contact with the
osteoblasts. A high number of particles also can origi-
nate from the titanium alloy screws used to fix the
acetabular component.41 It thus is important to per-
form studies on osteoblast viability with concentra-
tions of titanium particles reflecting what can be re-
trieved in the bone.
CONCLUSIONS
In this study it was found that titanium particles
directly and indirectly affect osteoblast viability when
the particle concentration reaches a threshold value. It
seems important, therefore, not only to decrease the
number of particles generated during the wear pro-
cess, as it generally has been proposed,22,42,43 but also
to avoid high concentrations of these particles in lo-
calized regions of bone tissue surrounding implants.
The authors thank Dr. Rena Bizios (Departments of Bio-
medical and Materials Engineering, Rensselaer Polytechnic
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